To examine the alterations of intracellular Ca2' ([Ca2"] analyzed by a two-dimensional fura-2 imaging system. The responder ratios to the three stimulants were high (70-90%o) in the quiescent phase (days 1-2), although some cells selectively responded to one or two of the stimulants. Responder ratios prominently decreased to approximately 20% in the proliferating phase (days 2.5-3). In the subconfluent (days 3.5-4) and postconfluent (days 5-6) phases, the responder ratio to high K+ and angiotensin II recovered to the same level as during the quiescent phase, whereas that to caffeine remained low (-10-20%). In responding cells, the degree of [Ca2+]i increase by caffeine and angiotensin II was stable (-100%) during culturing, whereas that to high K' was small in the quiescent and proliferating phases and rapidly increased threefold in the subconfluent and postconfluent phases. Furthermore, arrest of cell growth in serum-free medium prevented the reduction of responder ratios in the proliferating phase and restored the decreased ratio of the caffeine responder. Acceleration of VSMC proliferation by platelet-derived growth factor decreased the ratios in all phases. These (FBS, GIBCO) was added to the suspension to inactivate enzymes. Cells were centrifuged at 120g for 5 minutes, and the cell pellet was resuspended in DME/ F-12 containing 10% FBS, 100 IU/ml penicillin, and 100 gg/ml streptomycin (control medium).
nonproliferating, "contractile" state and a proliferating, "synthetic" state. VSMCs exist in the contractile state early in culture and are successively modulated into the synthetic state. These two VSMC phenotypes can be found not only in culture but also in atherosclerotic lesions of the vessel wall,2 indicating that the conversion of the phenotype also occurs in situ and may be of great significance for the pathogenesis of atherosclerosis in vessels. The phenotype conversion includes 1) morphological changes, such as prominent increase of rough endoplasmic reticulum, free ribosomes, and mitochondria3,4; 2) biochemical alterations, such as diminished contractile filaments and contractile proteins5,6; 3) increased biosynthesis of extracellular matrix molecules3; and 4) pharmacological properties in response to vasoactive stimulants.7
Because intracellular Ca2+ concentration ([Ca2+] i) is the most important factor in the regulation of the contractility and signal transduction in cardiovascular systems,8,9 the analysis of [Ca2+] i-handling mechanisms is of great significance for the understanding of the response of vasoactive substances under both physiological and pathological conditions.'0 Our preliminary report'1 has indicated the heterogeneous responses of [Ca2+] i to several vasoactive stimuli during the primary culture of VSMCs. The [Ca21]i-handling mechanisms have not yet been elucidated. In the present study, we examined [Ca2+]J elevation in response to high extracellular K' (high K+), caffeine, and angiotensin II (Ang II) that corresponded to, respectively, Ca2+ influx through voltage-dependent Ca2+ channels, Ca2+-induced Ca2+ release from internal store sites, and Ca2' release from inositol trisphosphate (IP3)-sensitive store sites during cell culture under conditions of stimulated or inhibited VSMC proliferation. We found that [Ca2"]i elevation of VSMCs in response to each stimulant separately alters during culture in a unique manner, suggesting that the function of the three [Ca2+] i-handling mechanisms is regulated closely and independently by cellular growth.
Materials and Methods

Primary Culture of Vascular Smooth Muscle Cells From Rat Aorta
Rat aortic VSMCs were isolated and cultured by the modified procedures described by Chamley-Campbell et al. 3 Male Wistar rats weighing 150-200 g were stunned and bled. Descending thoracic aortas were excised aseptically. Adhering fat and connective tissues were removed carefully. The aortas were cut open longitudinally, and the luminal surface of each was scraped with forceps to remove endothelial cells. Then, the aortas were minced into lx 1-mm pieces and were incubated at 37°C in room air for 2 hours in phosphate buffered saline without Ca2`(PBS [-] , GIBCO, Grand Island, N.Y.) containing 1 mg/ml collagenase (type I, 147 IU/mg, Worthington Biochemical Corp., Freehold, N.J.), 0.5 mg/ml elastase (type III, 32 IU/mg, Sigma Chemical Co., St. Louis, Mo.), and 0.5 mg/ml trypsin inhibitor (Sigma). The resulting cell-tissue suspension was passed through a lens paper. A mixture of equal parts of Ham's F-12 and Dulbecco's modified Eagle's medium (DME/F-12) containing 10% fetal bovine serum (FBS, GIBCO) was added to the suspension to inactivate enzymes. Cells were centrifuged at 120g for 5 minutes, and the cell pellet was resuspended in DME/ F-12 containing 10% FBS, 100 IU/ml penicillin, and 100 gg/ml streptomycin (control medium).
These cells then were seeded at a density of 3 x 105/cm2 in fluorescence-free glass dishes and were cultured at 37°C in 95% air plus 5% CO2 for the indicated periods. In the experiments within a colony originating from one mother VSMC, cells were seeded at a low density of 3 x 103/cm2. The control medium was changed on days 1 The dish with fura-2-loaded VSMCs was placed on the stage of a Nikon inverted fluoromicroscope. A Nikon UV-F x 100 glycerine immersion objective was used for epifluorescence measurement together with a 75 -W xenon lamp (Sankei, Tokyo, Japan). Excitation wavelengths at 340 or 380 nm were obtained using interference filters (10-nm band width, Hamamatsu Photonics, Japan). Exposure time was controlled by a shutter mounted between the filters and the lamp condenser lens. The interference filters were switched automatically by a microcomputerregulated controller at 2-second intervals. The emission spectrum of fura-2 was filtered through a dichroic mirror above 500 nm and focused on a silicon target (SIT) camera (Hamamatsu). The fura-2 images of VSMCs were stored in a video recorder throughout the experiments. Figure 1 (closed circles). Plating efficiency of the seeded VSMCs was approximately 60%, and attached cells spread within 24-36 hours. In the control medium, the number of VSMCs did not significantly increase until 48 hours (day 2) after plating. They then began to proliferate logarithmically, became confluent on day 4 , and reached a saturation density on day 5. After VSMCs achieved confluency, the increase rate of VSMCs became much lower than that in the preceding phases. On days 5-6, they exhibited "hills and valleys," characteristic of cultured smooth muscle cells (Figure 2 ). Based on the above observations, we defined days 1-2, days 2.5-3, days 3.5-4, and days 5-6 as the quiescent phase, logarithmically proliferating phase, subconfluent phase, and postconfluent phase, respectively.
The effects of SFM or PDGF on cell growth also are summarized in Figure 1 . VSMCs on days 1, 2, 3, and 4 were maintained in complete SFM for 2 days; or cells on days 1, 2, 2.5, 3, 4, and 5 were incubated in PDGF-containing medium for 1 day. As indicated by the open circles in Figure 1 , SFM arrested cell proliferation. PDGF (50 ng/ml) in culture medium were 55% in the lower cell and 5% in the upper cell. Because we defined a VSMC whose percent increase of F340/F380 was more than 15% as a responder (see "Materials and Methods"), the upper cell was regarded as nonresponder to Ang II. whereas the others responded to only one of the three stimulants. (-) 119%, respectively. As demonstrated above, [Ca2+] responses to caffeine, high K+, and Ang II were heterogeneous in cultured VSMCs in all culture phases examined. The "responder ratio," that is, the percentage of the cell number responding to each stimulant in each observation field, varied depending on the phases of cell culture. To analyze this point more quantitatively, we calculated the responder ratios to the three stimulants each day from several dishes (n=6-10 dishes).
On day 1, most VSMCs responded to caffeine, high K+, and Ang II ( Figure 7) ; the ratios were 89±7% (n=6 dishes) to caffeine, 84+6% (n=7) to high K+, and 76± 8% (n =6) to Ang II. After VSMCs started to proliferate after day 2, the responder ratios to the three stimulants began to decrease. On day 3 in the proliferating phase, the ratios reduced to 23±4% (n=10), 26+6% (n=10), and 18+7% (n=10), respectively (p<0.005 versus respective values on day 1). In the subconfluent and postconfluent phases, the responder ratios to high K+ and Ang II recovered to 79+4% (n=8) and 90+4% (n=6) on day 4, respectively, and to 78±7% (n=6) and 92±6% (n=6) on day 6 . The values were not significantly different from those on day 1. On the other hand, the responder ratio to caffeine did not recover even in the subconfluent and postconfluent phases and remained low: 16±3% (n=9) on day 4 and 13+6% (n=6) on day 6 (p<0.005 versus the value on day 1). The responder ratios to caffeine were significantly smaller than those evoked by caffeine or AT II was higher than that evoked by high K'. The percent increase with A T II increased from day 2 to day 6 (p<0.005), whereas that with caffeine tended to decrease, though not significantly. The percent increase of F340!F380 with high K' was small until day 3.5 and increased progressively after day 4. The differences in percent increase between high K' and caffeine were significant during day 1 to day 3.5, and those between high K' and AT II, during day 1 to day 5 (p<0.005, analysis of variance). Each point represents mean ±SEM of the percent increase of F340/F380 in 10-25 cells responding to each stimulant. *p<0.05, **p<0.005, unpaired t test, compared with day 1. to high K' and Ang II during day 3.5 to day 6 (p <0.005).
The percent increase of F340/ F380 in each cell that responded to the three stimulants also was examined in each phase of cell culture (Figure 8 ). Although the number of responding cells changed dramatically during cell culture, the percent increases of F340/F380 evoked by caffeine and Ang II in individual responder VSMCs did not change notably throughout the culturing phases: The percent increase of F340/ F380 evoked by caffeine was 102±9% (n =22 cells) on day 1 and gradually decreased to 80+9% (n=10) on day 6, but the difference was not significant. In the case of Ang II, the percent increase gradually increased from 93±+9% (n=16) on day 1 to 125±+6% (n=22) on day 6 (p<0.005).
On the other hand, the percent increase of F340/ F380 in response to high K' increased threefold during cell culture; it was 38+3% (n=14) on day 1 (the quiescent phase) and 31t4% (n=25) on day 3 (the proliferating phase). After day 4, it increased progressively and reached 100+8% (n=28) on day 6 in the postconfluent phase (p<0.005, day 1 versus Figures lOa-10c . When the medium was changed to SFM on days 3 and 4, the responder ratio to caffeine increased from 22±+4% (n=10) on day 3 to 61±8% (n=6) on day 5, and from 15±4% (n=9) on day 4 to 61±7% (n-6) on day 6 (p<0.005, SFM versus control medium on both days). These observations were in contrast with the fact that the responder ratio to caffeine remained low SFM prevented attenuation of the responder ratio to all three stimulants on day 3 (theproliferatingphase), as was the case in the control medium (a). In SFM, the responder ratio to caffeine recovered on days 4, 5, and 6. PDGF (A) decreased the responder ratio to high K' on days 2, 2.5, 3, 4, and 5; the ratio to caffeine on day 2; and the ratio to angiotensin II on days 2, 3.5, 4, and 5 compared with those in the control medium. Each point represents mean +SEM of the responder ratios in five to seven dishes. Asterisks indicate responder ratio in SFM or PDGF-containing medium significantly different from that in control medium on the corresponding day (*p<0.05, **p<0.005, unpaired t test). Days in Primary Culture (17+5%, n=6, on day 5 and 13+±6%, n=6, on day 6) in the control medium. Briefly, SFM prevented the reduction of responder ratios by arresting cell proliferation that occurred in the control medium and also recovered the caffeine-induced [Ca2"]i-elevation mechanism that remained lost in the subconfluent and postconfluent phases in the control medium. The responder ratios to the three stimulants were examined 1 day after addition of PDGF (Figures  lOd-lOf) , because the effect became obvious during a single day of culture. The responder ratios to high K' on days 2, 3, 3.5, 4, and 5 were 35 +7% (n=6), 7±7% (n=7), 7+7% (n=6), 14±7% (n=6), and 45±8% (n=5), respectively (Figure lOd) . These values were significantly less than those in the control medium on the corresponding days (p<0.05 on days 2 and 3; p<O.005 on days 3.5, 4, and 5). In the case of caffeine (Figure lOe) , PDGF lowered the responder ratio on day 2 from 80±6% (n=9) in the control medium to 7±5% (n=6,p<0.005). PDGF did not affect the ratio in other phases, probably because the ratio to caffeine might be minimized in the control medium in the subconfluent and postconfluent phases.
As shown in Figure lOf, the fractional synthesis of smooth muscle a-isoactin in the cycling cells did not differ from that in the noncycling cells. These investigators concluded that cell-to-cell contact, but not cell cycling, is primarily involved in smooth muscle a-isoactin induction in VSMCs.
In the present study, the responder ratios of The present study confirmed the previous report '1 and revealed that the [Ca2+]i of some VSMCs rose in response to caffeine alone and not to Ang II and vice versa. In the postconfluent phase, the Ang II-responding system seemed to be completely reexpressed and the caffeine-responding system to be lost in most cells. Because caffeine is considered to affect Ca2+ store sites directly, this dissociation of [Ca2+i] responsiveness in cultured VSMCs may be originated from the difference of intracellular Ca2+ store sites, indicating that caffeine-sensitive Ca2+ store sites are distinct from IP3-sensitive store sites at least partially and that the function of these two store sites is separately regulated in VSMCs. Furthermore, it should be noted that the expression of receptoroperated Ca2+ channel function is not uniform but is different among vasoactive peptides, of which action commonly is mediated by IP3. 29 Vasopressin induced Ca2+ release from sarcoplasmic reticulum in two conditions, SFM and PDGF-supplemented SFM, whereas endothelin-1 caused the Ca2+ release cultured only in SFM, even when a cloned cell line of VSMCs was used.29 Accordingly, endothelin action would be more complicated than other vasoactive peptides, Ang II, or vasopressin; and endothelin study requires more detailed insight for signal-transduction systems.
The phenomena we observed are important in clarifying the regulatory mechanisms of intracellular Ca2+ in cultured VSMCs. If these phenomena also can be observed in situ, such as in VSMCs in atherosclerotic lesions, it may be of great importance in understanding the vascular pathophysiology of atherosclerosis or different responses of coronary arteries to the spasm provocation. Further studies are needed to elucidate the exact role of altered
[Ca21]i-regulating systems in atherosclerotic vessels.
